Valentin Haecker is one of the forerunners of experimental biology, genetics, and developmental physiology. Haecker introduced the term Ph€ anogenetik (phenogenetics) in 1918 in Entwicklungsgeschichtliche Eigenschaftsanalyse (Evolutionary Analysis of Characters), in which he described the earliest stages in the development of the phenotype.
Introduction
The 2016 Louisa Gross Horwitz Prize was awarded to Dr. Howard Cedar and Dr. Aharon Razin, of the Hebrew University of Jerusalem, and Dr. Gary Felsenfeld, of the National Institutes of Health, on September 6, 2016 to commemorate their research, which led to the formation of the field of epigenetics. As the chair of the Horwitz Prize Committee and chair of the Department of Genetics and Development at Columbia University Medical Center states: "These researchers laid the foundation for an important new field of study. As our cells divide and become more specialized they need instructions on which genes to use and which to ignore. Epigenetics adds these annotations to our biologic textbook; it is a process that is crucial to our development and continues throughout our lives." 2 Epigenetics is defined as "the study of emergent properties in the origin of the phenotype in development and in modification of phenotypes in evolution." 3 Thus, as these 21 st century pioneers in the field of epigenetics are being honored for their contribution to the field, it seems appropriate to acknowledge the work of another pioneer, Valentin Haecker, who began to bridge the gap between genotypes and the origin of phenotypes almost 100 y ago and coined the term Ph€ anogenetik (phenogenetics) in 1918 in an attempt to integrate the 2 most important concepts of Mendelian genetics-phenotype and genotypewithin a well-articulated theory. In doing so, Haecker integrated knowledge from the fields of morphology, physiology, and experimental embryology to analyze how the genotype gives rise to the phenotype.
Although Haecker's contributions may have been overshadowed by more recent scientific progress and discovery in the field of genetics, his impact during the first half of the 20th century was so monumental that when Conrad Hall Waddinton coined the term "epigenetics" in 1942 he made a direct reference to Valentin Haecker's work in 'phenogenetics'. 4 Here we take a look at this incredible man, his life, his work, and his legacy.
Life
Ferdinand Carl Valentin Haecker was born on September 15, 1864 in Ungarisch-Altenburg (today Mosonmagyar ov ar, Hungary) as the son of Professor of Agriculture Christian Ludwig Haecker. During his childhood, Haecker showed an early interest in the natural sciences. He began school at the Volksschule in Altenburg in 1870 and had to change schools in 1874 when his family moved to Stuttgart following the sudden death of his father in 1873. In 1879 he attended a Convent School in Maulbronn (Neckarkreis) and 2 y later his class moved to Blaubeuren (Swabian Alb), where he passed a difficult university qualification on August 15, 1883. After school, Haecker served a mandatory year in the German army as a lieutenant. In the fall of 1884, together with his brother Walter, he enrolled first at the Convent of T€ ubingen (Stift), and later at the T€ ubingen University to study mathematics and natural sciences. At the T€ ubingen University Valentin attended lectures by Theodor Eimer (1843-1898), a founder of the orthogenesis theory. He then studied for a while in Straßburg and graduated in the spring of 1889 from T€ ubingen University. After receiving his PhD (1889) with Eimer as his doctoral advisor (his thesis focused on the colors of bird's feathers), he spent a decade in Freiburg with August Weismann (1834-1914), the co-founder of neo-Darwinism, first serving as an assistant and later (after defending his second thesis or habilitation) as a Privatdozent. In 1895 he became an extraordinary Professor of Zoology. Based on the research Haecker conducted in Freiburg, he published his first book Praxis and Theory in the Cell and Fertilization Studies (1899). 5 Two other books he published later in his career, Bastardization and the Formation of Gametes (1904) 6 and About the Memory, Heredity and Pluripotency (1914), 7 8 Among all of Haecker's students, Rensch was especially well trained in the analysis of speciation and phylogeny. Rensch recognized early the potential and the great theoretical importance of new systematics. His studies significantly contributed to the new field of genetics created by Haecker, the socalled Ph€ anogenetik (phenogenetics).
The goal of phenogenetics was to analyze the developmental processes that caused different phenotypic characters. During their work together, Rensch and Haecker were not always in agreement. While Haecker was convinced that there was strong evidence in favor of non-genetic, Lamarckian mechanisms of modification, Rensch did not. As Rensch put it: "He also thought that the geographic color differences of birds and mammals-more brownish in Western and more grayish in Eastern Europe-were non-genetic modifications, whereas I was convinced of their genetic nature". 9 In 1912, the first edition of Haecker's Allgemeine Vererbungslehre (General Genetics) came out of print [3rd ed., 1923] and in 1918 his major work Ph€ anogenetik (Developmental Genetics) was published. Finally, Haecker summarized his analysis of Goethe's morphological views in the book Goethes Morphologische Arbeiten und die neuere Forschung (Goethe's morphological works and new research agenda, 1927). 10 In 1926 Haecker became the rector of Halle University. His inaugural lecture was entitled Umwelt und Erbgut (Environment and Heredity). 11 On December 12, 1927, he died suddenly of a stroke in Halle.
Work

A short historical background on the development of genetics in Germany
Barthelmess and Harwood have shown that the interest in Mendelism grew rapidly in Germany around 1900. 12 The 'rediscovery' of Mendel's laws in 1900 is seen worldwide as a turning point in the development of modern genetics. During the first half of the 20 th century, it was generally held that the 'rediscovery' took place several times. Four European biologists independently and simultaneously rediscovered Mendelian laws-the German plant physiologist Carl Correns (1864-1933), the Dutch botanist Hugo de Vries (1848-1935), the Austrian plant breeder Erich von Tschermak-Seysenegg (1871-1962), and his brother, the Austrian physiologist Armin von Tschermak-Seysenegg (1870-1952). 13 In the years immediately following the rediscovery and before the start of the First World War, the 3 Mendelian laws 14 were modified and supplemented to explain more complex patterns of inheritance. The quantitative analysis of inheritance was extended to include both plants and animals. The Danish geneticist Wilhelm Johannsen (1857-1927) coined the term "gene" in his Elemente der exakten Erblichkeitslehre (Elements of Exact Theory of Heredity) to refer to discrete hereditary units located within the cell. The terms "phenotype" and "genotype" were also first introduced by Wilhelm Johannsen. As a zoologist at Halle University, Valentin Haecker was a key figure in the development of genetics of that time. In addition to genetics, he was also interested in other various fields of biology such as ornithology, animal physiology, marine biology, developmental genetics, and philosophy. 26 Along with R. Goldschmidt (see for instance his later book Physiologische Theorie der Vererbung-Physiological Theory of Inheritance, 1927), 27 he was the second German geneticist interested in the early stages of ontogenesis. Haecker evidently influenced Conrad Hall Waddington (1905 Waddington ( -1975 , who credited Haecker's work in phenogenetics when he coined the term "epigenetics" in 1942 and explained his new concept of the "epigenotype", 28 which is still used as the basis for the modern concept of epigenetics. 29 Haecker's take on Lamarckism Many German biologists, in particular zoologists and paleontologists, defended Lamarckian evolutionary mechanisms between 1900 and 1940. They believed in the inheritance of acquired characteristics and a direct effect of the environment on organism's inheritance. For example, the zoologist and geneticist Ludwig Plate (1862-1937) campaigned for a revival of the original Darwinism. His research program, which he labeled "old-Darwinism," advocated the synthesis of selectionism with "moderate Lamarckism" and orthogenesis. 30 Plate defined the inheritance of acquired characteristics as follows: "The inheritance of an acquired characteristic means only that a newly occurring characteristic was somatogenic in the first generation whereas it becomes blastogenic in the subsequent generations". 31 In modern terms, this means that there are a variety of features, which have been phenotypic in a certain generation and became inheritable in all subsequent generations. 32 Plate attached great importance to the idea that inheritance of acquired characteristics should not necessarily be combined with the Lamarckian idea of use or disuse of a certain organ as he stated: "It does not matter whether somatic modifications are caused by a use or disuse of an organ or by temperature, nutrition or other factors". 33 Haecker, as well as Plate, advocated Lamarckian evolutionary mechanisms but, in contrast to Plate, he concentrated on the description of the phenotype and paid little attention to selectionism; in fact, there is not a single reference to natural selection in Haecker's 1918.
Haecker acknowledged the importance of chromosome theory but remained dissatisfied with several of its features throughout his life: "Many of his criticisms were also voiced by Bateson: the cytological evidence for crossing-over was inadequate; vastly different kinds of organisms sometimes possessed the same number of chromosomes; sex chromosomes were less likely to be the cause of sex differences than merely indicators of the real cause; and the evidence for purity of the gametes was unconvincing." 34 In his Allgemeine Vererbungslehre (General Genetics) Haecker postulated that speciation was caused by the natural selection of hereditary varieties in August Weismann's sense. Haecker was convinced that the inheritance of acquired characteristics must be regarded as improbable, because a chain of causal events which phenotypically altered the soma and, thereafter, the genes could never be identical to a causal chain leading from altered genes over embryonic stages back to the characteristics of soma. 35 In this, Haecker argued: "If one assumes that different 'virtual possibilities of individual development' exist, then 'a parallel activation' (Parallelaktivierung) of latent general potentialities in genetic and somatic cells by means of the altered chemical processes takes place." 36 He also believed that 'constitutional concussion' of genetic and somatic cells could cause a parallel reduction of the resistance against illness. Therefore, he postulated, in 1918, that a 'parallel induction' of somatic and germ cells would be possible only "when characteristics acquired by the parents already preexisted in the virtual potential of the plasma". 37 Haecker saw the so-called "parallel-inductions" (simultaneous impact of environment on soma and germ cells) as possibilities for neoLamarckian evolutionary mechanisms (gleichzeitige Beeinflussung der K€ orper und Keimzellen) as well as the "ideocynesis" (Influence of external stimuli on the ideoplasm). 38 Haecker remained the champion of Lamarckism throughout his career.
Haecker's Ph€ anogenetik
One of Haecker's objections to the Mendelian chromosome theory was its failure to bridge the gap between hereditary units and phenotypic traits. His research program, which he called Ph€ anogenetik (phenogenetics), set out to build a bridge between genotype and phenotype. He outlined this program in a study in 1918. In the preface, Haecker described a new research field that should explore "in terms of morphogenetics and developmental physiology" the appearance of organism's "external characteristics." 39 According to Haecker, phenogenetics always begins with the so-called Differentialdiagnose (Differential Diagnostics), i.e., with histological, morphological, and physiologic studies of differences between species or races. This "phenoanalysis" is followed by a "phenogenetic-descriptive" investigation of variations of a certain trait. The traits in question are traced back to the point of bifurcation, i.e., to the developmental stage manifesting in the initial divergence of the trait. Haecker calls this stage a "phenocritical phase." Phenogenetics in the narrow sense is the study of diverging developmental pathways. It must penetrate into the deeper causes (phenocritical causes) of the observed divergence. 40 This process can proceed epigenetically or autonomously and in that sense phenogenetics is a sub-discipline of Entwicklungsmechanik (Developmental Mechanics) and Entwicklungsphysiologie (Developmental Physiology). All of Haecker's phenogenetics investigations were descriptive, whereby in various chapters of Ph€ anogenetik he described the differences among subgroups of mammals, axolotls, birds, and plants, according to coloration (ch. 7-13) as well as the stripe patterns in various species (ch. 14), the growth of the skin (ch. [16] [17] [18] , and so on.
From today's viewpoint, Haecker's phenogenetics appears to be an experimentally based science that used methods to analyze the physical result of alteration or switching off and on certain genes. In doing so, phenogenetics examines reactions of various organs to differing genetic compositions. 41 The problem of Pluripotenz
The study of the manifestations of pluripotency and its evolutionary causes was one of the main focuses of phenogenetics. Hacker first used the term Pluripotenz des Artplasmas (Pluripotency of Species Specific Plasm) in his book € Uber Ged€ achtnis, Vererbung und Pluripotency (On Retention, Heredity and Pluripotency; 1914) 42 and explained his hypothesis in detail in 1925 in his work Pluripotenzerscheinungen (On the Manifestation of Pluripotency). 43 In general, Haecker's theory of pluripotency postulated a relatively plastic concept of hereditary material that allowed for variety in the inheritance of acquired characters. 44 In 1925, he published the most complete definition of the term: "In a narrow (evolutionary) sense, I understand pluripotency as an essential ability of every organism (not only of species and races, but also of any individual germ and any cell on the embryonic stage of any individual) to develop in directions deviating from the basic type under certain circumstances. Insofar, pluripotency is understood as the presence of greater numbers, although not unlimited numbers, of potencies or developmental possibilities than determined by a property grounded in a normal, material, structural constitution of a species specific-but for the most part common to many species-plasm." 45 Haecker used the term Artplasma (Species Specific Plasm) to describe hereditary material in the very broad sense, while he believed germ plasm to be identical to the nuclear substance of germ cells and germ line cells. According to Haecker pluripotency exists when the species-specific plasm moves from one state of equilibrium to another. If pluripotency exists in germ cells, it is said to be a germ plasmatic pluripotency. If pluripotency occurs, on the other hand, during ontogenesis of embryonic organs, it is called somatic pluripotency. In that sense, Haecker maintained that transitions from heritable variations of germ cells to non-heritable variations of soma were in fact possible. 46 The importance of the concept of pluripotency for evolution manifests itself in the parallel development of various species.
Haecker and epigenetics
Haecker's dissatisfaction with the simplicity of Mendelian chromosome theory, led to his theory of phenogenetics, which established the idea that the phenotype is not dictated merely or solely by the genetic makeup of an individual. He recognized that both genetic and environmental factors affect the phenotype of an organism. This idea is the cornerstone of epigenetics. Building upon Haecker's ideas, biologists began to focus on this bridge between genotype and phenotype, leading to the development of the field of epigenetics. Moving forward on the basis of Haecker's phenogenetics theory, Waddington defined epigenetics as "causal interactions between genes and their products which bring the phenotype into being". 47 Forty years later Medawar and Medawar defined the modern use of "epigenesis" as all processes that are involved in the implementation of genetic instructions within a fertilized egg. 48 Now, almost 100 y after Haecker's proposed ideas about phenogenetics, it is clear that multiple mechanisms are involved in regulating genes, such as gene products (e.g. transcriptions factors) and environmental factors (e.g., uterine conditions, population density, temperature, or presence of a predator). Yet, the exact means by which phenotypic variations can become heritable genetic factors over time was unknown to Haecker and discovering the exact method of inheritance of epigenetic states has become an important research agenda in the field of epigenetics. 49 Now, through advances in the field of genetics, the transmission of epigenetic states of inheritance has been demonstrated through means of cortical inheritance, maternal cytoplasmic control, and, more recently, patterns of DNA methylation. 50 Cortical inheritance occurs through the transmission of information via organelles in the cortical cytoplasm, while maternal cytoplasmic control refers to the process by which early embryonic development is controlled, primarily, by products from the maternal genes deposited into the egg during oogenesis and not the embryo's own genome. The most recently discovered mechanism of epigenetic is DNA methylation, which describes the process by which a methyl group is added to cytosine DNA residues causing the highly methylated DNA to be less transcriptionally active than less methylated DNA. 51 It is clear that Haecker's idea of phenogenetics ignited an impulse in biology to discover the mechanisms that affect the phenotype beyond the simple makeup of individual chromosomes. Decades of research provided not only more insight into the truth of the complex nature of phenotype development but also divulged the exact means by which epigenetic inheritance is possible. This scientific pursuit made it possible not only for scientists to understand the complex nature of epigenetics, but also to know the exact means by which it occurs.
Interestingly, it was Howard Cedar's work on DNA methylation that won him the Louisa Gross Horwitz Prize this year. Cedar's research illustrated the capacity of changes in DNA methylation to switch on and off the triggers that control gene activity, thus allowing for the potential development of personalized treatment of patients suffering with cancer and other genetic diseases. 52 Cedar's work has truly illustrated the importance of cumulative scientific interest and research. Looking back over the last century, it becomes clear that Haecker's early interest in understanding the bridge between genotype and phenotype led to other scientists' interest in the discovery of the pathway of inheritance of epigenetic states, which was exposed through decades of research. Remarkably, this knowledge was then applied to create life-altering treatments.
Legacy
From phenogenetics to evo-devo Valentin Haecker counts as one of the crucial figures in the history of German genetics in the first half of the 20 th century along with Richard Goldschmidt, Erwin Baur, and Ludwig Plate. His 2 main contributions to the field of genetics were the theory of phenogenetics and the concept of pluripotency that he developed. His theory of phenogenetics merged various biological disciplines and discoveries and answered questions regarding the relationships between the phenotype and the genotype that provided the basis for future work in developmental genetics. Insofar, Haecker's theory of phenogenetics was not only indispensable for the future acquisition of knowledge in epigenetics but also in the fields of evo-devo. Today, evolutionary developmental biology (evo-devo) addresses the means in which development can affect evolutionary explanations. 53 The relationship between development and evolution in this sense focuses on the fact that development structures the phenotypic variations upon which natural selection works. 54 Many developmental tendencies that create or suppress variation arise from mechanisms with epigenetic origins. 55 Figure 2. Title pager of Haecker's book "Evolutionary analysis of traits (phenogenetics)" published in Jena in 1918. Scheme 1. "Evolutionary Theories in the 1st Third of the 20th century:" Various evolutionary mechanisms were advocated in the 1st third of the 20th century. The scheme contextualizes Haecker's theory among other evolutionary theories of that time. As many other contemporaries Haecker looked for a compromise between Darwinian and Lamarckian evolutionary mechanisms. He did not believe in heritability of purely somatic variations, but maintained that a "parallel induction" (environmental influence on both somatic and germinal tissue) may lead to inheritance of acquired characters. 56 
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This work is supported by the Russian Foundation for the Humanities, project 16-03-00555. from a wider biological point of view, of crucial importance, since it is the kernel of the whole problem of development. Many geneticists have recognized this and attempted to discover the processes involved in the mechanism by which the genes of the genotype bring about phenotypic effects. The first step in such an enterprise is -or rather should be, since it is often omitted by those with an undue respect for the powers of reason -to describe what can be seen of the developmental processes. For enquiries of this kind, the word 'phenogenetics' was coined by Haecker [1918, Ph€ anogenetik] . The second and more important part of the task is to discover the causal mechanisms at work, and to relate them as far as possible to what experimental embryology has already revealed of the mechanics of development. We might use the name 'epigenetics' for such studies, thus emphasizing their relation to the concepts, so strongly favourable to the classical theory of epigenesis, which have been reached by the experimental embryologists. We certainly need to remember that between genotype and phenotype, and connecting them to each other, there lies a whole complex of developmental processes. It is convenient to have a name for this complex: 'epigenotype' seems suitable."
